Toll-like receptors (TLRs) recognize pathogen-associated molecular patterns and elicit antimicrobial immune responses. In the testis, viruses can induce pathological conditions, such as orchitis, and may participate in the etiology of testicular cancer; however, the molecular mechanisms involved remain under investigation. It has been suggested that because they constitutively express interferon (IFN)-inducible antiviral proteins, Sertoli cells participate in the testicular antiviral defense system. Previously, we demonstrated a key function of mouse Sertoli cells in the bactericidal testicular defense mechanism mediated by a panel of TLRs. To better characterize the potential role of Sertoli cells in the response against testicular viral infections, we investigated the TLR3 expression and function in these cells. Sertoli cells express TLR3, and under stimulation with the synthetic double-stranded RNA analogue poly (I:C), they produce the proinflammatory molecule ICAM1 and secrete functionally active CCL2 chemokine. Using both pharmacological and genetic approaches, we found that these effects are TLR3-dependent. Moreover, using ELISA, we found that IFNA is constitutively produced and not further inducible, whereas IFNB1 is absent and dramatically induced only by transfected poly (I:C), indicating different control mechanisms underlying IFNA and IFNB1 production. To conclude, poly (I:C) elicits both inflammatory and antiviral responses in Sertoli cells.
INTRODUCTION
Viruses are capable of infecting the male reproductive tract, in some instances resulting in impaired fertility. In the testis, viruses can induce pathological conditions, such as orchitis, decrease in semen quality, and testicular cancer [1] . Moreover, viral infection of the germ cells might result in transmission of virus-induced mutations to subsequent generations [2] .
The mammalian testis is composed of two main compartments: the interstitium, which contains the Leydig cells responsible for testosterone production, macrophages, fibroblasts, blood, and lymphatic vessels, and the seminiferous tubules, which are composed of various generations of germ cells associated with somatic Sertoli cells (seminiferous epithelium) and are bordered by the peritubular myoid cells. Viruses have been found in both compartments in humans as well as other mammalian species [3] .
One of the best-known viruses causing testicular disorders in humans is mumps RNA virus, which belongs to the paramyxovirus group. In adult men, orchitis is the most common complication of mumps, and testicular atrophy is observed in 40-70% of patients with orchitis [4] . Recently, mumps virus was isolated from human semen in a case of mumps-associated epididymo-orchitis with transient but significant reduction of sperm count and appearance of antisperm antibodies [5] . Another virus known to induce orchitis in mice is encephalomyocarditis virus; its RNA was first detected in a few Sertoli cells in almost intact seminiferous epithelium [6] . In addition, oncogenic viruses might play a role in the etiology of seminoma. In fact, transgenic mice expressing papillomavirus genes develop germ cell tumors resembling human seminoma [1] .
During viral infection, double-stranded RNA (dsRNA) can be generated as a replication intermediate for single-stranded RNA viruses or as a by-product of symmetrical transcription in DNA viruses [7] . Such viral dsRNA can function as a pathogen-associated molecule recognized in host cells by pattern-recognition receptors that activate an innate defense against infections [8] . The innate immune system has developed two main pathways for the recognition of dsRNA: One pathway is mediated by Toll-like receptor 3 (TLR3) [9] ; the other is mediated by cytosolic sensors of dsRNA, such as the eukaryotic translation initiation factor 2-alpha kinase 2 (EIF2AK2; previously known as PKR) [10] , the DEAD (AspGlu-Ala-Asp) box polypeptide 58 (DDX58; previously known as RIG-I) [11] , and interferon (IFN) induced with helicase C domain 1 (IFIH1; previously known as mda-5) [12] . The activation of each of these receptors leads to chemokine and cytokine secretion and increases the expression of costimulatory and/or adhesion molecules and type I IFN production, depending on the cell type. Along the TLR3-mediated pathway, dsRNA or its synthetic analogue poly (I:C) interacts with TLR3 localized in the endosomal membrane [9] through receptor-mediated endocytosis or through phagocytosis from the extracellular space, where dsRNA is released by lysed, virally infected cells [13] . TLR3 shares with other TLRs the conserved Toll/interleukin (IL) 1-receptor domain, which is indispensable for the activation of signal transduction pathways. TLR3 interacts with the adaptor protein, TICAM (also known as TRIF [Toll/IL1-receptor domain containing adapter inducing IFNB1]), which mediates the activation of nuclear factor kappa B (NFKB; previously known as NF-jB), mitogenactivated protein kinase (MAPK), and IFN regulatory factor 3 (IRF3) as well as the induction of type I IFNs, particularly IFNB1, a cytokine critical to the host defense against viral infections [14] .
Despite the importance of testicular viral infections, to our knowledge the molecular mechanisms involved have not yet been investigated, though some aspects of the natural mechanisms of defense of the testis against viral attack have been studied. Two barriers are regarded as being fundamental for the protection of both spermatogenesis and androgen production. The first line of testicular defense against viruses arriving from the bloodstream is represented by the Leydig cells and testicular macrophages; the second line of defense involves the myoid cells lining the seminiferous tubules and Sertoli cells, responsible for maintenance of the blood-testis barrier that segregates the adluminal compartment containing autoantigenic germ cells [15, 16] . Even under inflammatory stimuli, the Sertoli cell contributes to the maintenance of testicular immune privilege [17, 18] , following viral stimulation Leydig cells and Sertoli cells strongly respond in terms of IFN production. On the contrary, germ cells express very low levels of IFNs that are not significantly up-regulated by viral stimulation [19] . A major role of somatic cells in the antiviral defense system is confirmed by data showing that Sertoli cells constitutively express the antiviral IFN-induced proteins, 2 0 ,5 0 -A synthetase, MX2 and MX1, and EIF2AK2 [20] . These data suggest a role for Sertoli cells in the antiviral defense system of the testis. Previously, we demonstrated a pivotal role of this somatic cell type in the bactericidal testicular defense mechanism, which is mediated by a panel of TLRs [21] . In view of these data, we have investigated the potential role of Sertoli cells in response to viral infections. The present study shows that in mouse Sertoli cells, the dsRNA synthetic analogue poly (I:C) induces both inflammatory and antiviral responses, resulting in increased expression of the cell adhesion molecule ICAM1, secretion of the chemokine CCL2, and production of IFNB1. In addition, based on pharmacological and genetic approaches, we describe the signal transduction pathways involved in poly (I:C)-mediated effects to verify whether responses to poly (I:C) are associated to TLR3-dependent signaling.
MATERIALS AND METHODS

Materials and Cell Lines
DNase and collagenase were purchased from Roche Biochemicals; trypsin was from Difco Laboratories, Inc. Flagellin and poly (I:C) were from InvivoGen. Bafilomycin A1 was from Sigma-Aldrich. Cell viability following bafilomycin A1 treatment was checked using the trypan blue dye exclusion test and found not to be affected at the concentration used.
The TM4 mouse Sertoli cell line and the murine macrophage cell line Raw 264.7 were from the American Type Culture Collection. The 15P1 mouse Sertoli cell line was kindly provided by Dr. Francois Cuzin (University of Nice, Nice, France).
Primary Sertoli Cell Cultures
Highly purified Sertoli cells were prepared from 15-day-old CD1 mice (Charles River Laboratories, Inc.) as described previously [22] . All animal experiments were conducted according to the European Union Guidelines for Care and Use of Laboratory Animals. Briefly, testes from 2-wk-old animals were sequentially digested for 20 min, first with Hanks balanced salt solution (HBSS) containing 0.25% trypsin plus 10 lg/ml of DNase and then with HBSS supplemented with 0.1% collagenase plus 10 lg/ml of DNase to remove interstitial tissue and peritubular cells. Fragments of seminiferous epithelium, mainly composed of Sertoli cells, were cultured at 328C in 95% air and 5% CO 2 in serum-free minimum essential medium. To remove residual germ cells in the culture and obtain pure Sertoli cells, after 3 days the cultures were subjected to hypotonic shock by incubation at room temperature with 20 mM Tris-HCl buffer (pH 7.4) for 2 min [23] . Sertoli cell cultures were checked routinely for possible contamination by macrophages and peritubular smooth muscle cells by indirect immunofluorescence with antimacrophage monoclonal antibody (Mac-1 antigen CD11/b; Roche, Basel Switzerland) and by histochemical detection of alkaline phosphatase activity [24] , respectively.
In all experiments, the monolayers used were composed of at least 95% pure Sertoli cells. At the fourth day of culture, Sertoli cell monolayers were treated for different times with various TLR agonists. For the experiments in which poly (I:C) was directly injected into the cells, poly (I:C) was diluted to a final concentration of 1 lg/ml in medium containing lipofectamine at 4 lg/ml (Invitrogen), under the manufacturer's recommended conditions, and then incubated at room temperature for 10 min. Then, the mixture was added for 4 or 20 h to Sertoli cell cultures, which subsequently were used for RT-PCR and Western blot analysis or for the production of conditioned media, respectively.
Western Blot Analysis
Total mouse primary Sertoli cell and Sertoli cell line lysates were prepared by scraping the cells off the culture plate with Cell Lysis Buffer (New England Biolabs) containing 1 lg/ml of leupeptin and 1 mM PMSF (Sigma-Aldrich).
Protein concentration was determined using the Micro BCA method (Pierce). Equal amounts of proteins (15 lg) were subject to SDS-PAGE and then transferred onto nitrocellulose. The membranes were saturated with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST) and then incubated overnight with primary antibody at 48C. After three 15-min washes with TBST, blots were further incubated with horseradish-conjugated secondary antibody for 1 h at room temperature. Membranes were washed again with TBST and developed using the chemiluminescence system (ECL Advance Western Blotting Detection Kit; Amersham Pharmacia Biotech). Primary antibodies were used to detect NFKBIA (previously known as IjB-a), TLR3, phospo-MAPK14 (previously known as phospho-p38), phospho-MAPK3/1 (previously known as phospho-ERK), phospho-RELA (previously known as phospho-p65), phospho-IRF3(Ser 396), MAPK8/9 (previously known as JNK/SAPK), and MAPK14 (all from Cell Signaling); phospho MAPK8/9 (BioSource International); MAPK1, RELA, and IRF3 (all from Santa Cruz Biotechnology); and tubulin (Sigma-Aldrich). The secondary antibodies were horseradish peroxidase-conjugated goat anti-rabbit (Pierce) or goat anti-mouse (Bio-Rad).
Cytokine Secretion
Sertoli cell-conditioned media (SCCM) from untreated cells and from cells treated with 100 ng/ml of flagellin or 25 lg/ml of poly (I:C) for 24 h were assayed using CBA Mouse Inflammation Kit and CCL2 Flex Set (both from BD Biosciences) according to the manufacturer's instructions. The theoretical sensitivity for CCL2 Flex Set is 29.0 pg/ml, as stated in the technical data sheet. The intra-and interassay coefficients of variation were less than 10%. Beads were analyzed with a Coulter Epics XL flow cytometer (Beckman Coulter).
The measurement of IFNA and IFNB1 in SCCM was performed using ELISA (Mouse Interferon Alpha ELISA Kit and Mouse Interferon Beta ELISA Kit; both from PBL Biomedical Laboratories) according to the manufacturer's instructions.
Chemotaxis Assay
The murine macrophage cell line Raw 264.7 was used for in vitro transmigration experiments. Briefly, cells were assayed for their ability to migrate through a polyvinilpirrolidone filter (pore size, 8 lm; Whatman International Ltd.) using Boyden chambers (Neutroprobe, Inc.). In all, 200 000 cells/well were added to the upper compartment of the chamber, and SCCM (alone or with neutralizing anti-CCL2 antibody) or CCL2 (alone or with neutralizing anti-CCL2 antibody) were placed in the lower compartment. The assembled chambers were incubated for 15 h at 378C before analysis of Raw cell migration.
Nonmigrated cells were removed from the filter, and the filter was then fixed with 75% ethanol and stained with Coomassie blue. The membranes were mounted on microscope slides, and six random microscopic fields from the bottom surface of each filter were recorded with an AxioCam (Zeiss). The cells on recorded fields were analyzed and counted using Metamorph software (Molecular Devices, Sunnyvale, CA). Recombinant mouse CCL2 and neutralizing CCL2 antibody were from RD Systems. Recombinant mouse CCL2 was used at 10 ng/ml and the neutralizing CCL2 antibody at 6 lg/ml.
Flow Cytometry
Control and treated Sertoli cells were detached from the culture dishes with trypsin/EDTA and washed with PBS plus 1% BSA. For detection of ICAM1 expression, we used the hamster immunoglobulin G fluorescein isothiocyanateconjugated anti-ICAM1 monoclonal antibody (BD Biosciences). After washings, INNATE IMMUNITY AND TESTICULAR ANTIVIRAL DEFENSE 767 cells were analyzed with a Coulter Epics XL flow cytometer. Cells were gated using forward versus side scatter to exclude dead cells and debris. Fluorescence of 10 4 cells/sample was acquired in logarithmic mode for visual inspection of the distributions and in linear mode for quantification of the expression of the relevant molecules by calculating the mean fluorescence intensity.
Transfections and Luciferase Assay
The NFKB-luciferase reporter vector (pNF-jB-Luc) was from Stratagene. Sertoli cells were cotransfected by means of lipofectamine/plus reagent (Invitrogen) with pNF-jB-Luc and beta-galactosidase vector (pb-Gal) to normalize for transfection efficiency. Transfection was stopped after 5 h. After 18 h, cells were stimulated with 25 lg/ml of poly (I:C) for 5 h. Cells were lysed 24 h after transfection using reporter lysis buffer (Promega). Luciferase activity was assayed with a Berthold luminometer using a luciferase assay kit (Promega). As a positive control, a p65 (RELA) vector was cotransfected with pNF-jB-Luc.
To inhibit TLR3 signaling, cells were cotransfected with pNF-jB-Luc vector and TLR3-dominant negative (DN) vector (pZERO-mTLR3; InvivoGen) or control vector pcDNA3 by means of Lipofectamine LTX/Plus reagent (Invitrogen) according to the manufacturer's protocol. Transfection was stopped after 5 h. After 18 h, cells were rinsed with fresh medium before stimulation with 25 lg/ml of poly (I:C) for 5 h for luciferase assay or for 2 h for Western blot analysis.
RT-PCR and Real-Time RT-PCR Analyses
Total RNA was extracted using TRIZOL Reagent (Invitrogen). Three micrograms of total RNA were used for the RT reaction by using SuperScript First-Strand Synthesis System Kit (Invitrogen). Each 50-ll PCR mixture contained 2 ll of cDNA, 25 pmol of specific primers, 5 0 -triphosphate nucleosides (0.2 mM each), 1.5 mM MgCl 2 , 5 ll of 103 PCR buffer, and 2.5 U of Taq DNA polymerase (Invitrogen). The PCR products were amplified using the Ifn-beta primers as reported previously [25] . Data were normalized for the expression of beta-actin in each experiment.
For real-time RT-PCR analysis, 1 lg of total cDNA was used for each realtime reaction; analysis were performed in triplicate for each sample. The cDNA was mixed with 0.5 lM of both forward and reverse primers and 10 ll of 23 Master mix (DyNAmo HS SYBR Green qPCR Kit; Finnzymes Oy) to a final reaction volume of 20 ll. Reactions were performed on the Opticon2 DNA Engine (MJ Research) with a hot-start step of 958C for 15 min, followed by 40 amplification cycles (958C for 10 sec, 588C for 20 sec, and 728C for 30 sec), a melt step (ramp from 658C to 958C), and a final extension (728C for 10 min). Amplification efficiency for each primer pair was determined by amplification of a linear standard curve (from 0.16 to 100 ng) of total cDNA assessed by ultraviolet spectrophotometry. The standard curves showed good linearity and amplification efficiency (98-99%) for each primer pair of both experimental Tlr genes and the reference gene (beta-actin Actb). As negative controls, each sample was previously run with beta-actin primers without RT to detect genomic DNA contamination; moreover, blank controls were assayed in each reaction and for each primer pair to detect DNA contamination of the reagents. Experimental samples were compared to a gene-specific standard curve to determine the amount of specific cDNA present in the standard reaction. Standards were prepared from highly purified PCR products amplified from positive controls; concentration and purity of the standards were assessed by A 260 /A 280 spectrophotometric measurement. The standard curve ranged linearly from 5 ag (5 3 10 À18 ) to 5 pg (5 3 10
À12
). Total cDNA levels were standardized by normalizing to the beta-actin control and are presented as the total levels of cDNA detected (fg specific cDNA/lg total retrotranscribed mRNA). Primers sequences for Tlr3, Tlr7, and Tlr9 were as reported previously [26] .
Statistical Analysis
Data are presented as the mean 6 SEM. Statistical evaluation was performed according to two-tailed paired t-test or ANOVA (when indicated). The P values were calculated using ANOVA with the Bonferroni posttest for analysis of chemotaxis assay data. A P value of less than 0.05 was taken as being indicative of statistical significance.
RESULTS
TLR3 Expression and Poly (I:C) Effects on MAPKs, IRF3, and NFKB in Mouse Sertoli Cells
Sertoli cells represent a fundamental metabolic aid for developing germ cells and play a role in the antimicrobial testicular response by expressing functional TLRs 2, 4, 5, and 6 [21] . To study the involvement of Sertoli cells in testicular antiviral responses, we investigated the presence of TLR3, TLR7, and TLR9 in primary Sertoli cell cultures from young mice. Real-time RT-PCR (Fig. 1A) showed that Sertoli cells significantly express TLR3 mRNA, whereas TLR7 and TLR9 are not expressed. TLR8 is not expressed in mouse [27] . As for TLR3 expression at the protein level, Western blot analysis (Fig. 1B) confirmed constitutive expression of TLR3 in primary Sertoli cells. Although our Sertoli cell cultures were highly purified (95%) to exclude the possibility that TLR3 expression was caused by contamination by macrophages, the 
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presence of TLR3 also was demonstrated in the Sertoli cell lines 15P1 and TM4 (Fig. 1B) . To study the signal transduction pathways activated by dsRNA, primary Sertoli cells were stimulated for different lengths of time with the dsRNA synthetic analogue poly (I:C) at the concentration of 25 lg/ml, and whole lysates were subjected to Western blot analysis. Figure 2A shows that MAPKs and RELA are constitutively slightly activated, probably because of the low levels of cytokines produced by Sertoli cells. Moreover, poly (I:C) induced phosphorylation of MAPK8/9, RELA, MAPK14, and IRF3, and degradation of NFKBIA as assessed by densitometric analysis. Statistical analysis of the densitometric data (see Fig. 2) showed that only the activation of MAPK3/1 was not significant. To verify NFKB activation induced by poly (I:C), Sertoli cells were transfected with a plasmid NF-jB-Luc and then stimulated for 5 h with poly (I:C). Cell lysates were assayed for luciferase activity. We found that poly (I:C) induced significant NFKB activation, as shown by the increase in luciferase activity (Fig. 2B) . In pilot experiments, we assessed that 25 lg/ml was a fully stimulating dose of poly (I:C), because Sertoli cell stimulation with 100 lg/ml of poly (I:C) had similar effects on MAPK and NFKB activation (data not shown), on which basis we decided to perform all the following experiments at the lower dose of poly (I:C).
Poly (I:C)-Triggered Signal Transduction Pathways Are TLR3-Dependent
It has been demonstrated that TLR3 is localized in endosomes and that inhibitors of endosomal acidification abrogate TLR3-dependent poly (I:C) responses [28] . To determine whether the signal transduction mechanisms activated by poly (I:C) in Sertoli cells depend on endosomal TLR3, Sertoli cells were pretreated with the inhibitor of endosomal acidification bafilomycin A1 at 100 nM given 1 h before poly (I:C) stimulation for different times. Whole-cell extracts were subjected to Western blot analysis. Figure 3A shows that pretreatment with bafilomycin A1 completely inhibited poly (I:C)-induced IRF3 phosphorylation and NFKBIA degradation. To ascertain that bafilomycin A1 inhibited only endosomal TLR3-specific signaling, Sertoli cells, after pretreatment with bafilomycin A1, were stimulated with flagellin (100 ng/ml), which activates surface TLR5 [21] , thus not depending on endosomes. Flagellin-induced NFKBIA degradation was not complete when compared to that induced 
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by poly (I:C) because of the different kinetics of NFKBIA degradation induced by the two agonists [21] . As expected, however, flagellin-induced NFKBIA degradation was not inhibited by bafilomycin A1, suggesting that the signal transduction pathway observed to be activated by poly (I:C) specifically depends on endosomal TLR3. The possibility that bafilomycin A1 abrogates poly (I:C)-induced responses by affecting other known endosomal TLRs (TLR7, TLR8, and TLR9) can be ruled out, both because TLR7 and TLR9 are not expressed in mouse Sertoli cells (Fig. 1A) and because TLR8 is not expressed in the mouse [27] .
To gain more insight regarding the direct role of TLR3 in poly (I:C)-dependent effects, primary Sertoli cells and the Sertoli cell line TM4 were transiently transfected either with a control plasmid or with a vector encoding a DN form of TLR3 (TLR3-DN; nonfunctional because of deletion of the Toll/IL1-receptor domain) to compete with the endogenous functional TLR3. After 24 h of transfection, cells were treated with poly (I:C) for different times and then examined for IRF3 phosphorylation and NFKBIA degradation by Western blot analysis and for NFKB activation by luciferase assay. We found that down-regulation of TLR3 through TLR3-DN transfection significantly inhibited poly (I:C)-induced IRF3 phosphorylation and NFKBIA degradation (Fig. 3A) . Accordingly, TLR3-DN overexpression reduced poly (I:C)-induced NFKB activation (Fig. 3B) . Overall, these data demonstrate a major role of TLR3 in poly (I:C)-induced responses in mouse Sertoli cells.
Poly (I:C) Induces CCL2 Secretion and ICAM1 Expression in a TLR3-Dependent Fashion
After demonstrating that exogenously added poly (I:C) activates distinct transduction pathways through the involvement of TLR3, we investigated whether poly (I:C) could induce up-regulation of cytokines/chemokines and adhesion molecules involved in leukocyte trafficking for the defense of seminiferous tubules from viral infections. To this end, Sertoli cells were stimulated for 24 h with poly (I:C), and surface expression of ICAM1 was analyzed by flow cytometry (Fig. 4) . Conditioned media of the same cells were collected and assayed for secreted CCL2, IL12A and IL12B (also known as IL12p70), IL10, IL6, tumor necrosis factor (TNF), and IFNG using the CBA Mouse Inflammation Kit and flow cytometry (as described in Materials and Methods). Experiments aimed at assessing the ability of CCL2, secreted by Sertoli cells on poly (I:C) stimulation, to induce chemotactic migration of Raw cells across a filter (pore size, 8 lm) were performed using Boyden chambers. The chamber below the filter on which Raw cells were plated was filled with SCCM, which had been assayed previously for CCL2 levels. After 15 h, the cells adhering to the lower surface of the filter were counted in six random fields (see Materials and Methods). As shown in Figure 5B , poly (I:C)-SCCM induces a higher level of transmigration of Raw cells than control SCCM does. Such migration is completely reversed by addition of the neutralizing anti-CCL2 antibody, indicating that CCL2 induced by poly (I:C) is responsible for the increased Raw cells chemotaxis. Thus, the increased secretion of CCL2 by Sertoli cells, subsequent to TLR3 activation, is functionally effective in stimulating macrophage chemotaxis.
IFNB1 Is Not Induced by Exogenously Added Poly (I:C) But Only by Transfected Poly (I:C)
It is well-known that dsRNA induces production of type I IFNs (IFNA and IFNB1), which are relevant for a prompt and effective antiviral response [29] . Having found that poly (I:C) induces an inflammatory response resulting in ICAM1 expression and CCL2 secretion, we investigated whether poly Total cell extracts were subjected to Western blot analysis using the indicated antibodies, and pcDNA3 (control plasmid) or TLR3-DN were transiently introduced into Sertoli cells. After 24 h, the cells were treated with poly (I:C) for 2 h before Western blot analysis with the indicated antibodies. Tubulin was used as loading control. A Western blot representative of three independent experiments is shown. The data are measured in kDa. B) TM4 cells were cotransfected with pNF-jB-Luc reporter vector, beta-galactosidase, and pcDNA3 or TLR3-DN and subsequently treated for 5 h with 25 lg/ml of poly (I:C). Transfection efficiency was evaluated by beta-galactosidase assay as described in Materials and Methods. Each point represents the mean from triplicate samples of three experiments and is expressed as the mean 6 SEM. a.u., arbitrary units; *P , 0.05.
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(I:C) also is effective in activating an antiviral responsenamely, if it is able to induce type I IFN production in mouse Sertoli cells. To this end, Sertoli cells were treated for 24 h with control medium or with poly (I:C), and conditioned media were assayed by ELISA for the presence of IFNA and IFNB1.
The results showed that IFNA was produced by Sertoli cells in basal conditions and was not up-regulated by poly (I:C) (Fig.  6A) . On the contrary, IFNB1 was completely absent in both control and poly (I:C) conditioned medium (Fig. 6B) . It has been reported that liposome-mediated transfection of poly (I:C) into cells in which exogenously added poly (I:C) is ineffective can result in IFNB1 induction [30] [31] [32] . Therefore, we transfected Sertoli cells with poly (I:C) at 1 lg/ml together with lipofectamine for 20 h and assayed by ELISA the amount of IFNA and IFNB1 in the conditioned medium of transfected cells. As shown in Figure 6A , IFNA secretion was not affected even by transfected poly (I:C), whereas IFNB1 was strongly induced by transfected poly (I:C) (Fig. 6B) . To ascertain whether transfected poly (I:C) induces Ifnb1 expression at the transcriptional level, Sertoli cells were treated with 1 lg/ml of poly (I:C) with lipofectamine for 4 h, and then RT-PCR was performed. Figure 6C shows that Ifnb1 mRNA was completely absent in untreated cells and was induced after 4 h of stimulation with transfected poly (I:C). Lipofectamine alone failed to up-regulate Ifnb1. The same up-regulation of Ifnb1 mRNA also was detected in the TM4 cell line (data not shown).
Because phosphorylation of the transcription factor IRF3 is involved in the production of type I IFNs [33] , we analyzed the degree of IRF3 phosphorylation following transfected poly (I:C) compared with exogenously added poly (I:C) stimulation to investigate the possible mechanisms responsible for Ifnb1 induction in Sertoli cells. Figure 6D shows that exogenously added poly (I:C) induced transient IRF3 phosphorylation, whereas transfected poly (I:C)-induced phosphorylation was stronger and remained similarly high when the treatment was continued for up to 4 h.
DISCUSSION
Viral infection of the testis can have damaging effects on spermatogenesis and may lead to testicular cancers. Comprehending the mechanisms that regulate these processes is essential for the development of new treatment strategies to eradicate viruses. In rat and humans, total testicular TLR3 expression has been described [34] [35] [36] , and its distribution has been recently reported in all rat testicular cell types except spermatids and Leydig cells [37] . To our knowledge, however, no information is available regarding TLR3 function in specific testicular cell types. Here, we describe TLR3 expression on mouse Sertoli cells, underlining the importance of these epithelial cells in the antiviral testicular response and considering their role in maintenance of the blood-testis barrier that segregates meiotic and postmeiotic germ cells in the adluminal compartment. Our data are in agreement with TLR3 expression described in uterine, vaginal, and intestinal epithelial cells [38, 39] , indicating that epithelia are directly involved in mediating the innate immune antiviral response. Moreover, astrocytes, which participate in formation of the blood-brain barrier, a site of infection for encephalitogenic viruses, express TLR3 [40] .
In the present study, by overexpressing a nonfunctional TLR3 in both primary cultures and Sertoli cell lines, we demonstrate that the signal transduction pathways activated by poly (I:C) in Sertoli cells are TLR3-dependent. Moreover, poly (I:C)-triggered signal transduction pathways and their downstream inflammatory responses resulting in ICAM1 and CCL2 induction are sensitive to pretreatment with the endosomal acidification inhibitor bafilomycin A1. Overall, these data indicate that endosomal TLR3 is responsible for the effects INNATE IMMUNITY AND TESTICULAR ANTIVIRAL DEFENSE 771 induced by poly (I:C). That poly (I:C) must be internalized before activating signal transduction might explain why the kinetics of MAPK activation induced by poly (I:C) in Sertoli cells is slower than that of activation induced by cytokines (TNF) [41] or flagellin and/or MALP2, specific agonists of TLR5 and TLR2 through TLR6 heteromers [21] . It has been demonstrated that poly (I:C) is taken up by the so-called scavenger receptor [42] . We hypothesize that poly (I:C) might first interact at the cell surface with such scavenger receptors, which have been described in Sertoli cells [43] , before endocytosis and interaction with TLR3 in the endosomes take place. Exogenously added poly (I:C) might mimic viral dsRNA leaking from dying cells and interacting with adjacent cells. In the present study, we demonstrate that poly (I:C) induces ICAM1 expression and exposure on Sertoli cell surface. ICAM1 is an adhesion molecule expressed in endothelial cells that induces extravasation of lymphocytes at inflammatory sites. The up-regulation of adhesion molecules such as ICAM1 and VCAM1 following poly (I:C) stimulation has been described in other cell types, such as endothelial cells [44] and pulmonary epithelial cells [45] .
The testis is considered to be an immune-privileged site. An imbalance of this condition can determine an autoimmune reaction, leading to permanent disruption of spermatogenesis. Autoimmune orchitis often is associated with several viral infections [3, 46] . Previously, we demonstrated that increased expression of ICAM1 on Sertoli cell surface enhances lymphocytes binding to Sertoli cells [47] . In the present study, our data allow new insights regarding the possible pathogenic mechanisms of autoimmune disorders of the testis. It is conceivable that poly (I:C)-induced ICAM1 expression on Sertoli cells represents a mechanism contributing to the recruitment of lymphocytes and to their migration across the blood-tubular barrier in response to viral infection. These data indicate that even at immune-privileged sites, innate immune responses could be activated in case of virus attack, leading to tissue destruction.
In this regard, another important mechanism triggering immune response to dsRNA is the induction of chemokine secretion. In fact, our data show that poly (I:C) induces a significant increase in the secretion of CCL2, which proved to be functionally active in stimulating macrophage chemotaxis. Such poly (I:C)-mediated up-regulation of CCL2 also has been described in different cell types [48] . Interestingly, rat Sertoli cells infected with Sendai virus secrete large amounts of CCL2 into the culture medium [49] , indicating that CCL2 might be part of an in vivo mechanism acting in the testis to recruit mononuclear cells to the site of infection. Consistent with this notion, Sertoli cells in a rat experimental model of autoimmune orchitis express high CCL2 levels, correlating with the severity of tubular damage [50] .
To summarize, our data show that poly (I:C) induces an inflammatory response in mouse Sertoli cells, leading to the activation of innate and adaptive responses through induction of the chemokine CCL2 and through stimulation of ICAM1 expression, respectively. As we previously reported, stimulation with TLR2 through TLR6 heteromers and TLR5 agonists also results in ICAM1 and CCL2 up-regulation in mouse Sertoli cell cultures [21] , suggesting that these inflammatory responses generally are evoked by various TLR agonists. In addition, our data show that neither stimulation with TLR2 through TLR6 heteromers and TLR5 agonists nor poly (I:C) treatment up-regulates other cytokines, including IL6 and TNF. On engagement with ligands, TLRs recruit specific adapter molecules that propagate downstream signaling. To our knowledge, two predominant intracellular TLR pathways have FIG. 5 . Poly (I:C) induces CCL2 secretion, which stimulates macrophage chemotaxis. A) Sertoli cells were pre-treated or not with 100 nM bafilomycin and then stimulated for 24 h with poly (I:C) (25 lg/ml) or flagellin (100 ng/ml). Conditioned media were collected and assayed for secreted CCL2 by means of CBA Inflammation Kit. CTR, conditioned medium from untreated cells. B) Raw cells were exposed to SCCM from cells either untreated or stimulated with poly (I:C) with or without neutralizing anti-CCL2 antibody (Ab), and their chemotactic activity was assayed using transwell cell culture chambers (see Materials and Methods). Migration of Raw cells also was tested after exposure to recombinant CCL2 with or without neutralizing anti-CCL2 antibody. Values are from a representative experiment, which was replicated three times. Each assay was performed in triplicate, and the number of migrating cells was counted in six random microscopic fields at low magnification for each membrane. Results are shown as increase in number of migrated cells in each experimental condition versus control (C) condition (set arbitrarily as 1). Each value represents the mean 6 SEM (n ¼ 3). The difference in the Raw migration rate between CCL2 versus poly (I:C)-SCCM-treatment is not significant (P . 0.05). *P , 0.05 (ANOVA with Bonferroni posttest).
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been identified. The D pathway (MyD88-Dependent) uses the adapter molecule MyD88, leading to early activation of NFKB and production of cytokines such as TNF, whereas the I pathway (MyD88-Independent) signals through TICAM, leading to IFNB1 production. With the exception of TLR3 and TLR4, all TLRs that have been characterized to date signal exclusively through the D pathway. TLR3 induces inflammatory cytokines, such as TNF and IL6, exclusively through the I pathway [51] . In mouse Sertoli cells, TNF and IL6 are not produced on TLR stimulation, although both the D and I pathways are activated by NFKB activation. In our model, we hypothesize that a mechanism operates to tightly regulate TNF and IL6 production. Regarding TNF, it is expressed in the testis only in spermatocytes and spermatids, whereas Sertoli cells express TNF receptors [52] . The up-regulation of TNF in Sertoli cells might have detrimental effects in view of its strong proinflammatory effect. Regarding IL6, a complex regulation of its production in Sertoli cells has been described, according to which TNF up-regulates IL6 [47] , whereas TLR agonists are ineffective. These data indicate that the different signal transduction pathways activated by TLR agonists and by TNF may be responsible for these effects in a cell type-specific fashion. To conclude, the D and I pathways converge on ICAM1 and CCL2 expression. In agreement with our data, Bhushan et al. [37] recently demonstrated in rat peritoneal macrophages that uropathogenic Escherichia coli infection, although inducing NFKBIA degradation, up-regulates CCL2 and type I IFNs but fails to induce IL1A, IL6, and TNF, suggesting that the regulation of cytokines on TLR stimulation is an intriguing issue that deserves further investigation.
Virally infected cells generate a specific antiviral signal, consisting of the increase in type I IFNs. Although type I IFNs were long considered to be specific antiviral substances without any effect on normal cellular metabolism, they are now considered to affect normal cell division and many specialized cellular functions. IFNs can be detected in different human tissues in the apparent absence of any specific inducer (for review, see [53] ). The presence of a low basal level of IFN may play a role in the host defense against virus infection and, possibly, neoplasia as an integral part of a cytokine network produced constitutively. Our data are in agreement with these views, in that we demonstrate IFNA is constitutively produced by Sertoli cells and is not further inducible by poly (I:C) treatment. In detail, IFNA/B1 induction depends on the levels of the transcription factors IRF3 and IRF7, with the first being constitutively expressed and the latter being totally dependent on IFNA/B1 signaling through a positive-feedback mechanism. Consequently, a cell producing low levels of IFNA/B1 expresses basal levels of IRF7 and, thus, is already ''primed'' to respond more efficiently either to viral stimuli or to other cytokines (i.e., IL6) (for review, see [53] ). Interestingly, Irf7 mRNA is constitutively expressed in Sertoli cells (data not shown). This is in agreement with the constitutive expression of the IFN-inducible proteins MX2 and MX3 previously reported in Sertoli cells [19] . Accordingly, in the testis, other cytokines are constitutively expressed (e.g., spermatids produce TNF [52] and Sertoli cells express IL6 and IL1 [54] ); however, the physiological significance and reciprocal interplay between testicular cytokines are not yet fully understood.
Our data demonstrate that in mouse Sertoli cells, IFNA and IFNB1 are subjected to different control mechanisms. We show that IFNB1 is neither basally expressed nor up-regulated by exogenously added poly (I:C) but, rather, is strongly inducible by poly (I:C) only if it is transfected into cells. These data are in agreement with those of previous reports on different cell types [55] showing that poly (I:C), either microinjected or delivered with acid-sensitive liposomes, induces IFN production. Today, it is commonly believed that transfected poly (I:C) mimics intracellular dsRNA generated during viral replication, which interacts with the cytoplasmic helicases DDX58 and/or IFIH1 independent from TLR3 [31, 56] . The different patterns of expression of IFNA versus IFNB1, both in basal conditions and following transfected poly (I:C) stimulation, probably reflect the different structures of their promoters. In fact, the Ifnb1 and Ifna genes are transcriptionally activated and repressed through different mechanisms. The murine Ifnb1 gene contains at least four positive regulatory cis elements (PRDs I, II, III, and IV), whereas the promoter regions of the Ifna gene contains PRD Iand PRD III-like elements (for review, see [57] ). To conclude, at the molecular level, constitutive IFNA provides a foundation for the IRF7-mediated enhancement of IFNB1 production in response to virus infection. Moreover, it has been reported that in different cell types, the promoter for Ifna could be intrinsically leaky, leading to constitutive IFNA expression that is crucial for efficient IFNA/B1 gene induction in virally infected cells [58] .
Regarding the induction of IFNB1 by transfected poly (I:C), we show that whereas exogenously added poly (I:C) induces IRF3 phosphorylation in a transient fashion, transfected poly (I:C) induces a stronger and persistent IRF3 phosphorylation. This is in agreement with a recent study by Dogusan et al. [59] , who demonstrated that in beta-islet pancreatic cells, only transfected poly (I:C) induces IFNB1, paralleled by increased IRF3 phosphorylation. In addition, different Ser residues (Ser386 and Ser396) have critical and complementary functions in IRF3 phosphorylation and subsequent activation [60] . A detailed biochemical analysis, which is beyond the aims of the present study, should be performed to examine additional effects of transfected versus exogenously added poly (I:C) that also might influence IRF3 interaction with the transcriptional coactivator Crebbp (CREB-binding protein), which is absolutely necessary for the induction of IFNB1 expression. Further characterization of the pathways involved in IFNA/B regulation in mouse Sertoli cells currently is underway in our group based on the evidence that overexpression of type I IFNs severely damages spermatogenesis [61] . Thus, fine-tuning mechanisms might be operating on one side to eliminate viral infection and on the other to avoid indiscriminate, harmful testicular IFN production.
